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ABSTRACT, Modo/ tc.stirrg  of the Cassini  spucwaj  posed
a challen~e  due to the lrrr.ge  size artd dynamic cmnplexiry  of
lht sprzcecrUfi.  A  suCCQ.csful  Wsl rt’quircd  careful pre-tw
aualysis,  lhc use of a variery  of lesting rnerhod,r, and j)exi-
Ailiry in responding M unexpecteci  behrrvior, The Iesr
brought some surprises, including nonlinear belwivl-  of a
criticul  nmdt which requ irtd a follow-tip high i(wl test.
This paper preserr[s un owrvicw of rhe [esl methods awi
rc.suits, wirh. an emphu.sis  on lessons learned

NOMI04CT.ATURE

DOP
FEM
FPP
NW
HGA
JPL
I.EM
LSA
LVA
T’h4S
RSP
TAM
U s s

Degree(s) of Freedom
Finite Element Model
Fields and Particles Pallet
Frequency Response Function
High Gain Antenna
Jet Propulsion Laboratory
Lower Equipment Module
Linenr Supwation Assembly
Lsturrch Vehicle Adapter’
Propulsion Module Subsystem
Remote Sensing Platform
‘Iest Ar-mlytical Model
Upper SheIl Swuc[ure

J .  lNTI{ODUC-l’ION

A modal [W was performed on the Cksini  spacecraft at dw
.Tet Propr.l]sio[l  Laboratory in Aujyrs[  1995 [ 1,2]. The objec-
tive of the t~~sk  WJS to provide experimental data for the vcri.
ticmion of the firrite elemen[ model  (EEM) of ~he space.cmt’t
in its launch conf[gumtion. A test.verified model must he
approved prior r.o the final coupled loads analysis and subsc.
q-rent launch approval.

l’hc spcciftc test objective was to measure [he frequency,
d~rnping,  and mode shsqm of all significant modcx of the
Cassini spacecraft test article below 70 Hz, with the structure
fixed at irs inkxface to the Centaur upper stage, Signiflcnnt
modes were defilned M modes whose e. ffectivc mass was a[
lc~tst 5% of [he tol:d rigid mass of The spncccruft.

‘Ibis paper gives art overview of the modfil  test methods and
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results, with art emphusis on the k.sons learned during the
test.

2. TEST ARTICLE

Tht Cmsini spacecraft is by far the Iargcst intetplanemry
spticccraf’t  ever developed, with a totxl launch mass of
5600 kg (propelkum accuunt  for more than 3100 kg of this
total). The spacccmft will be launched  on oclobm  6, 1997,
on a Tiu-m IV/Centaur launch vehicle, and will reach Saturn
in the year 2,004. At tha[ time, [hc main engine will place the
spacecraft into Saturn orbit, and a fuur year tour of the Sat.
urnian sys[em will begin, Foremost tirnong the mission ob-
jectives is [he delivery of the 315 kg Huygens  probe inlo the
dense atmosphere of Tiran, which is the largest of Saturn’s
moons find is nearly  the size of the planet Mars,

Early prujcct plans had called for the modal [cst to be per-
formui on the flight arliclc, after in[egratiun of The flight
electronics and science instruments. This plun was intended
to minimize the cost of addirionrd  hardware for tes[, but
would have made the modal test much more difficul[, due to
the handling constrtiints on flight electronics. It would  also
have greatly compressed tile schedule f[]r model correlation.
For[una[r4y,  the program was replanned to allow a develop.
ment [es{ program prior to integration of the flight article.

The Cassini spacecr~f[ structure (Figure 1) is ussernblecl
from  several components: the conical launch vehicle adapter;
the linear separation assembly; the ]owcr  cquipnwnt  module,
which  supports reaction wheels m-d radioisotope therrnoc-
Iecwic generators; the propulsion modu\e  subsystem. in-
cluding dle Iargc fuel and oxidizer tanks (inside [he cylindri.
cal core): the upper shell structure, which supports the two
inslrumen{ plntt’orms and other equipment: and the bus,
which  houses and protects the electronic heart of [he spa~@
craf[.  The high gtiin imtenrra is mounted above the bus, tind
the Huygcns probe is supported by a uwss  a[lachcd to the
propulsion module,

l“hc test ar[icle msernb]cd for the modal test (Figure 2] was a
corrlbinmicm of ftight hardware (LVA, L. FM, IJSS, FPP,
IMP,  bus, and Imost  wusscs),  flight-like hardwilrc (l-SA),
development test harclware (PMS, HGA, probe), and mass
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Figure 1. Cassini spacecraft structural  components.
———. ..—.  —

mockups (instruments, reaction wheels, electronics boxes,
cabling, etc.). Nc) liquid propellants were present, since dw
various [anks wc,re not yet avail:lble. “l’he 3000 kg rIKISS  of
the oxidizer and fuel tanks wrrs represented by steel brdlas[.
(Propellant slosh modes  will be ddcd to the flight model
based on analysis and slosh testing.)

Fixc.d boundary conditions were enforced by bolting [he
spacecraft to he seismic mass in the modal pit of JI’L’s  En-
vironmental Tes[ Facility. At a height of over 16.7 m (22 fr),
the test article was a tight fit,

~. pR~.T~$r  ANALYSIS

Critical [o the test effort was the development of a Tes[
Armlytical Model. or TAM, for the test configuration, ‘h
starting point ft>r r.he TAM was the NASTRA?$  model of the
flight configuration, which hrtd been maintained throughout
[he spacecraft development process, The main task in devcl-
c>ping the TAM was  tracking and incorporating lhe ninny
c h a n g e s  between the tes[ ruticle tind the flight  a r t i c l e .
Pfiinstaking tlttcntion was paid [o the mass mockups, includ-
ing dircc[  mcasureme.nt  of the mass of each mockup. trnrl
srrlid modeling m determine rhe c.,g, and moments of inertia.
This atten[ion to detail proved [c) be importan[ for Inter or-
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Figure 2. Cmsini tes[ article in modal pir,

thogcmality calculations using the analytical mass matrix.

The TAM incorpor~tcd air mass effects on the HGA, which
tends [o lower the frequencies of the antenna modes. NO .
corrections m discussed in [3J were required  for the TAM, ‘
becwuw the base of the spacecraft was fixed,

The pre-test TAM served a number of purposes:

1, It WMS used to predict test mocks fnr tesr planning. in-
cluding shaker location selec[ion;

-)-. It was used to help assess the adequacy of the planned
instrumen~ation;

3. The TAM was alsu used during [he test to expand mode
shape measurements to full model sixe for visualization;

4. The  Guyan-reduced rrl~ss mtitri x from [}w T A M  was
used fbr ot[hogonnli[y  and effective [nnss c~lculutions
for the test mode shapes;

5. It formed (lie bnsis I“or the model correlwion

The pre-test  analysis predicted 7S modes of the test article
below 70 Hz, starting fit 7,7 Hz, Th~ test modes were sorted
by effective mnss k) help in identifying si,gniticnn[  modes
that should  be targeted during the test.
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4. 1NSTRUMENTATION

The daw acquisition and test control system UMXI  for the tes[
wti~ a ~,onic Workstation 7000 with an HP/735 workstation
ac[ing  m host computer, The Zonic front end provided four
indqmrrdcnt  output channels, and 80 input channels. Post
processing of Lhc, test duta, including curve-fitting and mode
shape anim~tion, was done on the HP workstation using
SDRCI-DEAS  software,

Atotalof  256accclcrometers  (PCB Structccls  rrnd Flexcels)
were instal]cd for tie tes[ a[ 135 different locations, This
number was  chosen based on the capacity of the brmk-
su’i[chirrgsys!em,  which crm switch 4 banks of 64 chmrncls
errch. Each acquisition pass captured one of these tuinks,
along with t’our input force mcasuremems,  four drive point
accelerometers, andeight  other repeating measuremcrrtsused
for protection of [he test article,

Accclcrorneter  locations were selcctcd by acornbirm[ion  of
mathematical optimization methods and engineering judg-
ment, The primt-wy  numerical criterion for evaluating cwrdi-

dam loc:ltions was the or[hogonality  product @TM@ , where
@ is the matrix of mode shapes from  the TAM. partitioned
to [hc measurement DOP, and M is the reduced mass matrix
obtainc.d by Ckryrm reduction of the TAM mass matrix to the
mcasuremen[  DOF. Mcally this produc[ should produce an
identity mawix. The measurement set was cvaltmted based
on maximizing the diagonal telms and minimize [he off-
diagonal terms of [his matrix.

One rmnoyance  ill the pre-tes[  analysis was that many of Ihe
large nmss items (instruments, electronic boxes) were mod-
eled as lumped masses which were attached to their struc-
[urirl supports through rigid elements. As a resu!t,  many of
the natural csmdida[e  accelerometer locations were depend-
ent DOF in the rmxicl.  In order to perform Guyan rerluc[ion.
~he rigid ehxncnts  would have had [o be rewritten to make
the lumped nuss  the independent DOF. There were so many
candidate Iocrttions  with this problcm  that a special NAS.
TRAN DMAP sequence was developed which ullowed
(iuyan reduction to be, performed when the measurement SC?[

included dependent DOF, The technique required tha[ both
sides of a rigid  clement could not be instrumented,

Because lhc total number of accelerometers was limi[ed, R
large number of locations had only onc or two axes meas-
ured. Also, romted coordinate systems were used extcn-
sive.ly. h example, on [he HGA main reflector, mosl  of the
ticcclerorneters  measured motion normal to the dish, which
involved different coordinate axes  a[ eoch poin!. Although
rhis scheme maximized the usefulness of the 256 ricceler-
ometer mctisurcrnenrs, the huge rrumbcr  of coordinm  sys-
tems wns a signiflcan[  source for crrurs  that later hfid to bc
tracked down.

Correspondcrwe  be[ween test D O F  a n d  WNl DOE wtis
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Figure 3, Shaker (in isola~ion  cage) attached to probe.

maintained by introducing all test coordinate systems into the
TAM. Grid points were added to [hc model at each instru-
mented  point, and the displacement ccrordinare systems of
th~ ~dded nodes were set to match the accelerometer  orien-
tirticms in the test. Becuuse  of the rrbili[y to perform Guyan
reduction with r.kpendent DOF, all of the test DOF were
made dependent on FEM DOF, usually at coincident r-mdcs.
‘This scheme avoided the problems Ihat would have been
creatcrl had we chrmged displacemem  coordirmtc  sysl.ems of
lhc nriginal FEM nodes.

Acce]erommr  calibration and installation on the structure
was rrutomswd  by the use of a bar coding scheme. Each
transducer was bar coded, m WCII  as every instrumented 10.
cation, Cable rou[ing  was determined automatically as
transducers were installed, by in[errogtition  of [he signrd
conditioners by the workstation. This system virtually elimi-
na~ed most common tesr setup errors, bu[ humrm crl or was
s[ill possible in identificrrtion of transducer orientation tmtl
coordinate system definitions, The ttisk of relating [est coor.
dirmte systems back to The NASTRAN model  was a signifi-
crmt or-m, and consumed a great chxil of the allocated testing
time.

Excitation wns providccl by four V’fS 100 Ibf e!ectrodynarnic
shakers. The shakers were suspended on soft springs in
cnges, providing isola{ion from the ground support (xc Fig-
ure 3). Attachment to [hc structure wtM rrmde ;!l various
structural hard points on the bus, RSP, rrnd Huygcns  probe.
Shaker  locarions and orientations were sclc.cted  based on
pre-test snalysis  and preliminary test mensurcmcnts. Nine
different lucatirmslorien[  ations were used in the test.
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5. TEST METHODS

“Ihc overall test s!ralegy involved a combination of Ihe burst
random and stepped  sine techniques, A mrmbcr  of broad-
band surveys (up to 70 Hz) were performed using burst ran.
dorncxcitation  frornfourshakcrs.  Diflerenrs  hrtkerlocwtions
and force k.vcls were applied. F.ach test was repemd four
rimes in orrlcr  to acquire all 256 response channels. Fre-
quency response functions (PRF’s)  were stored by [he 2onic
sof[warc in binrrryfiles suimble forinput ro the I-IX3AS  pro.
gram.

Modal parameters (frequency, damping, mode shape) were
eslimsrted from the broadbrtnd  FRF’susinglhe po]yreferencc
Lime domain method. Visualization of the mode shapes rc.
quired expansion of the meastrl-ed DOF to the full model
size, The expansion was performed using [he inverse of
Guytin reduction — equivalent to enforcing the modal  de-
flection  at mcwrled  DOF and compu!ing  the motion of all
other DOF based on static stiffness.

Examination of mode shape plots revealed some error-s in
coordinate systcrns that were cclrtected in the TAM, The.
process of’ identifying errors and debugging cootdinrrte sys-
tcm definitions was slow and tedious, and could no[ be ci)m-
pleted until preliminary burst random dam was acquired.
This me[mt that this debugging process consumed part of the
scheclukxi time f’oI- testing.

Aflcr correcting setup errors and obtaining good broadband
chrtu sets, ]ineari[y testing of the 15 most significant modes
was performed. “~hc objective of this part of the test was !.o
explore. differences between the modal parameters at low
level (as measured in the bro~dband  burst random testing)
wrd at higher response lCVCIS.

An iderd [echnique  for this type of ~es[ing  is stepped sine,
where one or more shakers exci[e  the s[ructurc  at a single
frequency, and the. FRF’s M thi~t  frequency arc measured
before s[~pping  to the next frequency, This excitation
me~hod provided the ability to generate relatively large re-
sponse amplitudes within the limited capability of the shriker
systcrn.  I.Jnfortunrrtely,  due to communications problems the
Zonic sine testing irnplrmwntation  was extremely slow.  !n
order  to keep test times within reasonable limits, sine testing,
could be peli’ormcd  with a single shaker only, and cmly one
of the fuur banks of data was usLIrrlly  acquired, These limi-
tatiorrs made this te,chniquc  undesirable when there WMC
multiple closely spaced moclcs. Stepped sine testing wti~
performed On severe significant modes — prim~ry  cure
bcncling, torsion, two major axial modes, Hr-rygcns  probe
bounce, and RSP bounce. In each case, excitation force was
varied over at lcmst an order of magni(ude  to scc its ei’fecr  on
na[ural frequencies and damping.

A diffkrent approach wns used for the remaining significant
modes. where multiple closely spaced  modes would  have
made i[ difficult to extract reliable frequencies from single-

shaker dnta, For the other modes, high level rrrtrmw-band
burst random excitation was applirxi using three m four
shakers, Reduction of bandwidth allowed a greater amount
of energy to be appiicd  to the tarjytcd  modes, For each
shaker, the RMS force level over the narrow frequcrrcy  band
wat crrrc to two orders of magnitude higher than for [he
broadband in the swne frequency ronge. In these tests, full
response dam was taken in four banks, allowing cornparismw
of mode shapes as well as frequency.

6. PROBE NONLINEARITY

“1’he.  steppc(l sine testing revealed an unusually severe nom

lirreari[y in the bounce mode of the probe. nctir 19 H?,
(Pify.rrc  6). The apprmnt problcm was that the Ircquency
was dropping wi[h increased force level, and did not show

signs of leveling off within our excitation capability, The
highest level test produced a response in the probe approxi-
mately 10% of expected flight nccekmtion.

This mmlinear  behavior was a significant concern during and
utter the test, beer-mse the frequency of this rnotk WiLS known
to be critical for the probes srruc[ural integrity, Prior loads
analysts had determined that if the natural frequency of [his
mode dropped more than 10% bclc~w pre-tes[  predictions, the
umde would couple more strongly with a 16 Hz uxial mode
of the Centaur upper sttigc,  and loads in the probe would
exceed levels used for design and for qualification testing,
7“he nonlinearity made it irrlpossible to cxtrapolare  the lest
dam [o flight levels, and even raised questions as ro whether
a linear loads analysis could be performed on the swuc[trre,

These issues were not resolved until Janutiry 1996,  when a
hi$h level modal test was p~rformed on the probe bounce
mode.  The details of this testing, and supporting analyses,
art ctiscuwe.d in more cle.[ttil in rcfc.rences [1 ,4],

7. SELECTION OF MODES FOR CORRELATION

After [dl of  the test runs were complctcd, a total of 2,48 test
modes  had been identified by eight burst rrtndom  [es[s, in-
cluding high level runs. Msny of these tesl modes were du-
plicate measurements of the same mode.  A criticirl  step at
this poin[ was the sclcctirm of the best mor.ltd  parameters,
including mode shapes, that should be rcttiined for subse-
quent model correlation [51. The criteria for this selection
process included the following:

1. Elirrlirrarc duplicate mode.<: Distinct modes were iden~i-
fted by performing an orrhogonality  triple product

0‘ MO using all 24S test modes, The rnodc shapes
were firsr normaliul so that the diagorud terms of this
product were 1. In the resulting 248 by 248 matrix, off-
dio~orrrd terms near *1 indicrtte duplicate meawrremerms
of the some mode. Only onc such mode was retairmd for
model correlation.
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3.

4.

Selecr [he highest  level modes: Where possible, mode
shapes from the runs with the highest force levels were
selected, so that the correlated model would best reflect
the behaviur of the structure at flight levels,

Select rhe .lwst quality modes: In some cases, the mode
shape from a high level run was clearly con[amina[ed
with noise, possibly due [o nonlinear characteristics of
the structure, This was evidenced by low modtil confi-
dence factors from the polyreference mctho(f,  and by
dras[ic  differences in mode shape. In such cases, the
advamrrge of using higher level clfita was outweighed by
the questionable nature of the data, and a lower Icvcl
shape  was  retained.

Select a corwi.vtrnt  .wr of modes: In cases where [here

TO 1E16’393115G P . ‘Wt6Xtl  4

urementst selection was m~de so that a series of modes
came from a single tesl run. By using a consistent
source, potential problems crt’ poor orthogolla]ity  be-
[wecn modes at diffcmnt  force levels were minimized.

These criteria were used to select 67 [~f the 248 m(~es in the

frequency range 7,5 to 70 Hz. In sever~l  caws,  test mode
shopes  were taken from burst random runs, hut frequencies
were adjus~d based on high level sim mcu$urements,

8. TEST RESULTS

The first 30 test n-mlcs  (selected from the full set of’ mc}de.s
as described in the previous section) are listed in Table 1.
Representative mode shapes tire shown in Figures 4
thrrm~h 6. Effective mass  of ca~h tes[ mode whs Conlpu[ed,

\VaS  no obvious discritina[or between repeated rnctis. base.~ cm the analytical mMS n]a~ix. and was Used to ‘select

‘Table 1, First 3(I test modes vs. antilytical modes,
—.- ___
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the most  significant modes for lrrter model corrclaticm.  Five
test modes with effective mass at least 15% of the tom] rigid
mass of the spacecraft were designated as primary modes
(marked with an asterisk in Table I). Eight test modes with
effecti vc mass ti<)m 5% to 15% of the total rigid mass were
designated msecondary modes (markecl  with aplus sign in
Table 1).
— ,——

A

Figure4,  Test mode l,7Sl Hz, primary bending +X+Y.
——

/47/

. .

t’

Figurc5.  T’cstmodc 2,7.75  Hz, primaly bending +Y-X,
—
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Table. 1 also compares the test modes with the pr-e-rest  TAM
prcxiictions,  as well  rIs [he final TAM after moclel correlation
was con]ple[ed, After model correlation, the frequencies of
all primary andsccondary  modes ma[ched  within 2%. Cross
orthogorm]ity  goals (90% dirrgonal  for primary modes. 85%
diagonal for secondary modes) were sruisfitxl  with the ex-
ceplion of test mode 27. which was a primary mode and had
cross orthogonality  of 89%.

Self-orthogonality  of the primary and secondary LCSt mod~s
is shown in Table 2, using the mass matrix of the correlated
TAM. Most of the off-diagonal terms arc small, but there
were sornc  terms related to test mode 1 !3 th:lt exceeded pre-
test goals. This mode involves axial motion of two external
tanks,  The 32’% orthogcrrrsdity  between test modes 18 and 19
is thought to be related to ncrnlineariries  in the [sink supports.

Although not all ortho~onality  goals were completely satis-
fied, the test was considered very successful, considering the

Table 2. 0rlhOg6ntility c>f’ primary/secondary test modes.

.—

Figure 6. Test mode 4, 18.13 }17., probe bounce,
.-— —
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dynamic  complexi ty  of the sp~wccraft.  The  primnry Ixia]
mode ([es[ mwlc27)  was particularly challenging, given the
high n“wde rwmber, and the participation Vf several append-
ages in [he mode,  The final mmlcl was approved for use in
the final verification coupled load cycle,

9. LESSONS LEARNED

The Cassini  modal  test was a vArrrble  experience for all in.
VOI veal. Some of the most impor[anr lessons for future large-
scale  mc)drd test programs are outlined in the following para-
graphs.

1% modal resring  as early a$ procticof.  In the original proj-

e c t  sche&rle.  the Cassini  modal test would  h~vc b e e n  per-
formed on the flight spacecraft approximtitcly  16 months
b e f o r e  launch,  wi[h the test-vcritlcd model ready just 14
months before l~mrch. Had this schedule been follow’ed,
there would have been no  time to recover from Ihe probe
bounce mode nonlinearity, The decision by the Gssini proj-

ect to put together a development test program ( w i t h  m o d a l
testing over 2 years b~fore launch) was very important, since
it allowed time Ihr thorough  analysis, static testing, and high
level modal testing to solve the problem. On launch vehicles
other t h a n  the Titan ]V, the o v e r a l l  timeline would  bc
shorter, but the same principle should apply: lcnvc enough
lime [o deal with problems.

U.rr local  coordinates sparingly. The idea of using local
coordinates to optimize accelerometer usage seems Iikc u
good one, since it allows every measurement to be oriented
in an optimum direction, In the real world, though, adding
more local coordinate. systems means wldins more chances
(or mistakes. In the Cassini test, 86 of the 135 node poin[s
wcm  tcsolved in local  coordinate sys[ems. rmd a rotal of 34
different coordinate system definitions were used just for
oriemalicm of accelerometer axes. Sevcrtil  mistakes were
made in tvrte-ring the coordinate systems into the NASTRAN
model. A!so.  the proliferation of local coordinates made. i[
more, dit’ficult to accurately identify oriel][arions  when in-
~~allin~? ~lccele.ron~eters. Unless and until be[[er tools arc
available for minimizing these types of errors, it seems to bc
preferable to use local coordinate systtms only where abso-

lutely necessnry, and ins[ead to usc wiuptcr blocks and
wedges rc> ge[ accelerometers into the global coordinate sys-
tem orien[a[ion.

Use an outomarcd  instrumenratiotl  mano~cnlent  s~xtem. The
~assini modal test was another demonstrn[ion  of the value of
u barcode-based instrumentation rnrma,ymcnt  system. (lher
rhan the coo~dinate, system problems dcscribccl  above, [here
were no errors due to mistyped s~ritil numbers, sensiti~ities,
or cable routing,  JPL has used this system since 19%? for all
large-scale Iestin.g programs.

Sine resrittg  is sti[[ impr)rrarlt,  Not too long ago, virtually all
modal [ests were done using [he tuned sine dwell technique.
In recent yeaw, the tremendous improvements in hardware
and software have brought multipoint random testing [o [he
forefront .  some[imes 10 the cxclu$ion of sine [es[ing,  The
Cassini  tesl showed the wduc  of’ high level sine testing. Had
we depended on the Iow and high level random test data, ~he
frequrmcy of the probe bounce mode would have been esti-
mated at 20 Hz. Using high level sine testing, the flrtal esti-
mate was 18.1 Hz. This 10% drop in frequency re.subs in
loads in the probe support thtit are approximrrteiy  50% higher
than they would have been at 20 Hz.

10. CONCLUSIONS

The Cassini modal  [es~ was completed successfully, rmd the
test resuhs led [o a test-verified dynamic mode], llefore [his
hsppy conclusion. there were challenges from the structure
(such as the probe bounce mode nonlinctirity)  and ploblerns
We brought on ourselves (such as our dif’ficul[ies  wi~h coor-
dimite  syslems). “l’he cxpcricnce gained from [his [~st will
help in planning future large-scale test progmms.
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